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Tests of an Inversion Algorithm for Spectrally
Resolved Limb Radiance Profiles

1. INTRIODUCTIION AND) SUMMARY

Spectraliv resolved inifrared radiance pro files of the Earth's lin-b can be in -

ye itel to :iht in veortical di st i hut i. ns lf temnpe rature and s pe cies concent ration.

TIhe at mis pher bce low appr'oxinr atelv 70 km.l where I T E prevails and the undis -

:no i red COI (' i st ri hit ion is kna; c-an he probe d Using broadband linib measure -

Iwi~ts, as iicrcistr11ed by hlozse alnd Ohring, 1 cille et al, 2 Russell t al, and

Tth'-~.'ie r'Ide Ii racris in ')f spectral resnlut ian offe rs the potential of obtaining

iit~tthritrit.-in'r'rnatirr irr the non-Ill1J' altitude regimle.

lit'' Iitchl sfci cl railwrre idrtlili' 'arrrcrt in _,eicral he e'xpressedl as a linear

Imt lion .)I hiw virti rI] ('nircr'rturi' sirrI coiltirtr'atiorn profile's. Co)nsequently, tile

rnnrt ('rirsiilv he i'rftrrii'l Iv ssitni sort oif recursive algorithmti.

7~~~1 1t ur titsed a r'rriidiroct lirnlnrrrar' teclrnique ho recover vertical pr'o-

ii1 ' ei't Ist ric o'Ki ! ' orr'lntr'tiorl :11ed kirteti' t0IrIJCrattre ahome a 100-kmi

it ri' n I.Anetfi itsr rbi%.rr'' Owv tre , r'rit -or'rre C111 \ F' spr'tronn -

I i' ~ riv r -iiorl-; ni-ni ' I l I : Lota r'l 11' No ) 'tird e tir rt a 1hiarrI rrrar

r ci) Ir~t lhii sr;Its, ,mild try'' h mltsirld lii :lpromr'iicncr lirriar

I i 1- ' r )iitb' t Il Vt )i' I .- iomtw i rliv 0nin !or irrL (' pr athIs liv' 100 kmi

M- I ilh - SI-,IrV2

It I i % h % II i't h t o I- o



for the fundamental band. That is, the measured radiance profile and the excited

state density profile have a relationship that is approximately linear for this special

case. A nonlinear method can be adapted more easily to the general, non-optically-
4

thin case, which is why we chose to use the nonlinear method in our earlier study,

referred hereafter to as ZSNS.

The direct nonlinear method starts with an initial guess for the solution pr)file,

for example, the excited NO vertical density distribution. The corresponding limb

radiance profile is computed and then the guess is relaxed according to some

measure of the disagreement between the computed and measured limb radiance

profiles. The relaxation equation used in the earlier study, Eq. (8) af ZSNS, re-

vises the guess according to ratios of measured and computed radiance values.

3 The process is iterated until the solution prowf'ile has converged.

The purpose of this study is to examine further the inversion capabilities of the

relaxation method used in ZSNS, and to determine its sensitivity to noise. We were

interested particularly in answering the following questions:

(a) How accurately can the method recover sharply-peaked

IV distributions'? In the limb x' iewing geometrv, a laver

far below the peak is observed through much denser

layers above it.

(b) flow accurately ('atn the teniperature profile be recovered

when there is noise in the data') The temperature

profile recovered in ZSNS ha large, noise-like excursions.

These questions were answered by generating svnthetic' spectral limb radiance

profi es and then inverting them, both before and after the ad dition of 0oriallv

distributed pseudo -randiom numbers representing noise. \We used t be NO fonda-

mental (Ax 1) hand and assuned that ground state NO is opticallv thin for the

,oreplete range of tangent paths involved in the sinmilations, which corresponded

to tangent heights between 85 and 130 kmi. '[1us. the equoations used for the direc.t

omputation of radiance, spe'tral radiance and the relaxed gutess a re t1osf' givon

in ZSNS. The inversion method modified to handle the non-optically-thin case (and

1o recover ground state as well as excited state iensit') Aould be expected to have

S a slightlv higher sensitivity to no ise than will he iicated by the present results.

In the noise-free simulations, the ' xc it *d NO verti cal deisity profile a'as

represented by a Gaussian function and also bv a doiihle-peaked distribution wilich

Is the sum ')f two (aussians. The siul tians tii -iisi' isi mi lv the do ible-peaked

distribution,. 'he arIde I white spectral ti olei hal t%,o different t'11is levels, ''r'es-

5 1)01n lirr. to) ielaxlrriirruu S N'. ',..5t)(t 11 loft: best' t'' iit, si)ri00-to-nriist lies1 rt

on1) b t l irli ii II )t x. ixI ' n. t , i a nI jli l] . 'i t ii 111 ' i t plir '> riti', ti e th i a 'ci1ii llw Ii in

Sh t. i' l raliare,'. Ili' hf- .'ti r',.)111r l it i lhf' -;)11w-' 1iSt ' Si l .lit' ilisti'ii)i('int,

ifipr) xiio i lattix' (. it?) lin, A !i. I ', 4 L I ' ll' \ ) l, i It'To) 12 ; i u'i(ital '-.t( e .
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The excited NO density profile NO (H) was retrieved by inverting the synthetic

limb profile of band radiance (integrated spectral radiance), whereas the tempera-

tre inversion used 13 profiles of spectral radiance. As in the ZSNS study, the

NO (H) solution and the set of solutions obtained by inverting each spectral radiance

profile are combined to obtain the profile R(H, A), the normalized spectral emission

per unit volume as a Iunction of altitude. The normalized spectral emission R(T, A)

o,.as also computed for various temperatures T. A systematic comparison of the

(I rievet 11(1, A) and con; outed HIT('. A)s vields the temperature profile T(H). The

initial i.yi s Ir ea.'h of th' i uvi' rsiolts consisted of' a constant (altitude-independent)

if IC'.

I fi' i stilts of the sito lations are displaved in graphs in the following section.

I:Xail a ili il ' h 't(, siilts leads to the following ''nclusions:
4
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- (e) Examination of the results indicates that the random peak

excursions in the retrieved temperature profile at the altitudes

of the NO peaks are approximately i5°C for maximum spectral

S/N = 500 and approximately t25°C for (SA/N A)max = 100. The

temperature profile that we retrieved from the SPIRE NO data

(see ZSNS) has excursions of ±75*C near the altitude of
*

maximum NO approximately 130 km. This would be consistent

with the present simulation results if the spectral signal-to-noise

of the SPIRE data for tangent height HT = 130 km was approxi-

mately 30 (after the data is averaged over 0. 05 /m intervals,

as done by ZSNS). Examination of the SPIRE data for this

tangent height shows that the enhanced SA /N A is somewhat

greater than 30, but probably not more than 60. Hence, the

present results support the conclusions by ZSNS that detector

noise was the major cause of the noise-like excursions in the

temperature profile retrieved from the SPIRE NO data.

(f) The results emphasize the importance of achieving high signal-

to-noise in limb spectral radiance measurements, and also

of considering the tradeoffs between spectral resolution and

signal-to-noise. This study did not consider the effects of

smoothness constraints on the inversion solutions, which might

reduce considerably the S/N requirement.

2. RESULTS OF SIMULATION

The single -peaked Gaussian distribution used to .epresent the excited density
*

profile NO (I) in the simulations is given by

* 2
NO (H) 7 5 X 104 exp [(1l-115)/51 , (1)

where NO ha.s the units i- and the altitude 11 is in kilometers. The densitv

* profile peaks at 115 kn and is e - times the peak value at 110 and 120 kn altitude.

The double-peakod distribution, given by

NO (1l) - 5 < 104 (x!) (H 11-15)/4. 337 2

* ,'(xp [(I-100)/4. :4:371 (2)

has a relative mifninniri at 107. 5 kn, her , Nt) is oIF)roxit ite lv o e-terth the

i dxilimU ll valie - 1 • i' o hi, 11 o,' urs iiI 1)0 k 'i iii 115 kin.

*



The translational temperature profile used in the computation of synthetic

radiances is the profile given by the Jacchia 7 model for an exospheric temperature

if 1050K (based on the U.S. Standard Atmosphere 1976). The profile is displayed

in graphs that compare the model T(H) to the inversion results, which are des-

Sribed below. Figures 1 and 2 show the two different NO (H) models and the

corresponding computed Limb profiles of band radiance. The 13 computed limb

spectral radiance profiles are not shown.

.igure 3 compares the single-peaked "actual" or model NO* distribution and

the corresponding retrieved profile when no noise has been added to the synthetic

hand radiance profile. However, the synthetic band radiances were rounded to

four significant figures before they were inverted. Note that the error is sig-

nificant only at the lowest altitudes, where NO (H) is less than 0.01 times the peak

NO . Figure 4 shows that the error has essentially the same behavior for the

double-peaked case.
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Figure 4. Same as Figure 3 E'xcept that the Actual
N\0*1) Is Represented by the D~ouble-peaked Model

i iLure 5) corpares. the actual or model T(H) to the temnperature profiles re -

ri evei lor thre sinogle - andl double -peaked cases, when only roUnding noise is

r t 1.I he ('trues in retrieved T(11) are significant at the same attitutdes for

Ili nh tiw re-tri've' NO M[) has signi ficant errors, that is, whe N(H-) is less
horn ()I. imoun' the peak No

Fi ,u ri' 6 s t ishe retrieved double -peaked NO ye rticral profile when the

t, -~wu -e, <teal Sr N is 500. The' ret rieved profile is in good agreement with

ie Ierrwl profile when NO (11) is; greater thtan -0.01 to 0.02 timies the pi aK NO.

F) i ! rnaxirnunr s pectral S!N )f 100 the actual and retrieved profiles are in good

eLir-ri when NO~ (11) is ateflter than appr'oxim~ately 0.02 times the peak NO

V Kor . llrweYv -m * o 1 . 5 kmi whe~re NO 1 D has a relative mninimum, 1he

oi It ix '.rent is Itproxillorelv -40 p('r('rt.
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3. IsCI SsIO\1

It H1 +! K f ft' uitlrne't v titec rsiofl ftchiliUC investigated in this study is

lit) Its> 'tw 'itt ht'e\\ tt ez s in concent ration dist ribution than it is above the

JR( I, !fIt l'L~t I tte trotos fetid to be nio c slvsteniatic at the lower altitudes

V~~~~( Iina iiOIcii lItht jta k.

Bath tnflt esulJts Of this SdYiti 1t Surprising that the temperature

*~1 1 .0 'tl i tt'l( (-d 1 fuolte' SF1 N(o speetrail data by Z.SNS show noise-like excur-

_1iunst01 ± 75'&( . I it' llaximlum~ S /_N was between :30 and hO fotr the SPIREL data.

tec prtest'nt stuckd imiplies that miaximIum spect ral SI/Ns of the order of 500 are

I r~~ieq Lir ed ftot ensuLire itceceptAle tent pe m It i to soIlutions.

Trta slaitittoal teniperaitt'e profiles in the tle rniosphere have a elmicte ristie

smtilitlilt' 5 exemlifliied by% thle xiiodel TI II) uised in thne simulations. Based on the

I)Vil'it I kowICC It'd' taSSttniption) of ''smoothness", the ret rieved temperature

0)OI 1 rttflsiowil ill F-igureC 9 would be judged ''unacceptable''. So-catlled smoothness
et tnst iii tif s ranIl be ircovtpov tted into ft' inve rsion algo ritlini to significantly reduce

*~ it' N it'll tl ''ttt't. Fotr the tit tile -peaked No eases modelled in this stud>', it

is eat initiod 'LI
t

if ith i' SN requirtenment ran be reduced by,, a factor aos large as two

I'"!t altitS tlt s inditcate , nttue* rieless, the inipon-ta nce of considering the

H'. + I,t'i ht'fn'l tetsptettl- I'tSOILtiOir old signail-to-noise. high spectr~tl

!a t I' L cilit' '(. ii v Itelv . ftiw t'XIilitflt'. whitt twoo Ort tuttle spt'cies tatle Over-

pr
t

'! !I Itilld, ,I- v'i't'r ft' t- &ihttI~t intt'rpreftftoii :lgOt'itlln i'equtires

-I fi ''li''t ''jit l t -f!1a1i ,il tta tf i stri)nl% telulrfittg b~tud. \\ hen thest' roil-

1 , i'l ap 
t

iw iris!d r'tti t h ti ita rt'i ':t'r' sp,lt;i L fti'tt llttiit' tlot-

6l rl")f b

61U t 1 LO,''S 1l~ tfl O l I l( IS
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